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remodeling complexes (Strahl and Allis, 2000; Turner,Biophysics
2000; Jenuwein and Allis, 2001). There are several obser-Columbia University
vations supporting the existence of a histone code. First,630 West 168th Street
acetylated histone N termini interact specifically with aNew York, New York 10032
distinct protein domain known as bromodomain, which2 Institute of Molecular Biology and Genetics
is found in many chromatin-associated complexesBiomedical Sciences Research Center “Al. Fleming”
(Dhalluin et al., 1999; Jacobson et al., 2000). For exam-Vari, Athens 16672
ple, all known SWI/SNF-like complexes contain at leastGreece
one subunit bearing a bromodomain (Marmorstein and
Berger, 2001). Second, lysine 9 methylation of H3 tails
is a specific recognition site for another protein moduleSummary
called the chromodomain, which is generally required
for heterochromatin formation and gene repressionWe report the results of experiments designed to test
(Strahl and Allis, 2000; Jenuwein and Allis, 2001; Kouza-the histone code hypothesis. We found that only a
rides, 2002). Importantly, lysine 9 can also be acetylatedsmall subset of lysines in histones H4 and H3 are acet-
and this modification is mutually exclusive with methyla-ylated in vivo by the GCN5 acetyltransferase during
tion of this residue (Richards and Elgin, 2002). Third,activation of the IFN- gene. Reconstitution of recom-
acetylation of lysine 14 in histone H3 by the GCN5 HATbinant nucleosomes bearing mutations in these lysine
complex is enhanced by prior phosphorylation of Ser10residues revealed the cascade of gene activation via
in the same tail, thus suggesting the existence of aa point-by-point interpretation of the histone code
regulatory cascade that controls this specific histonethrough the ordered recruitment of bromodomain-
modification presumably by complexes recognizingcontaining transcription complexes. Acetylation of
specialized surfaces on the histone N termini (Berger,histone H4 K8 mediates recruitment of the SWI/SNF
2002).complex whereas acetylation of K9 and K14 in histone
The function of the histone code in gene activation andH3 is critical for the recruitment of TFIID. Thus, the
repression requires substrate specificity of the enzymesinformation contained in the DNA address of the en-
that modify the histone N termini. However, the histonehancer is transferred to the histone N termini by gener-
acetyltransferases, for example, display broad catalyticating novel adhesive surfaces required for the recruit-
specificity, at least in vitro (Grant et al., 1999; Schiltz etment of transcription complexes.
al., 1999). Alternatively, modification of histones, by for
example acetylation, generates patches of unchargedIntroduction
amino acids implying that it is the overall charge distribu-
tion of the modified histones that matters and not theThe repeating unit of chromatin, the nucleosome, is
residue-specific modification (Ren and Gorovsky, 2001).identical from gene to gene and is virtually identical
In this manuscript, we provide direct evidence for bothfrom yeast to humans. However, local modification of
the existence of a histone acetylation code and its inter-histones on enhancers and promoters is required to
pretation by the transcriptional apparatus during human
activate gene expression (Peterson and Workman, 2000;
IFN- gene activation.
Hassan et al., 2001; Ptashne and Gann, 2002). The tran-
One of the predictions of the histone code hypothesis
scription factors that bind to nucleosome-free regions is the existence of functional interactions between chro-
of DNA or to DNA within nucleosomes recruit two types matin remodeling complexes, such as SWI/SNF, and
of enzymatic activities that modify the surrounding chro- histone acetylase complexes, such as GCN5. Recent
matin architecture. Chromatin remodeling machines, studies have elucidated the temporal sequence in which
such as SWI/SNF complex, alter the structure of the these coactivators of transcription are recruited to pro-
nucleosome in an ATP-dependent manner, presumably moters in vivo and how their enzymatic properties con-
by modifying the histone-DNA interface, and often cause tribute to gene activation (Featherstone, 2002). The
nucleosome sliding (Peterson, 2002). The second type best-characterized example in mammals is provided by
of chromatin modifying complexes recruited by tran- the human IFN- gene. The gene is switched on by three
scription factors covalently modify the N-terminal tails transcription factors (NF-B, IRFs, and ATF-2/c-Jun),
of histones by adding or removing phosphate, methyl, or and an architectural protein (HMG I(Y)), all of which bind
acetyl groups (Strahl and Allis, 2000; Wu and Grunstein, cooperatively to the nucleosome-free enhancer DNA to
2000). In contrast to the topological and structural form an enhanceosome (Merika and Thanos, 2001). The
changes induced by SWI/SNF-like complexes, the cova- enhanceosome targets the modification and reposition-
lent modification of histones does not cause dramatic ing of a nucleosome that blocks the formation of a tran-
changes in histone-DNA interactions or in nucleosome scriptional preinitiation complex on the IFN- promoter.
This is accomplished by the ordered recruitment of
HATs, SWI/SNF, and basal transcription factors. Initially,3 Correspondence: dt73@columbia.edu (D.T.); thanos@fleming.gr (D.T.)
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the GCN5 HAT-containing complex is recruited, and it reaches a maximum at 4–6 hr postinfection and then
rapidly declines. In contrast, the pattern of H3 acetyla-acetylates the nucleosome. This is followed by the re-
tion is broader as it peaks at 6–10 hr postinfection andcruitment of the CBP-PolII holoenzyme complex. Next,
then declines with slow kinetics. Figure 1A also showsthe SWI/SNF remodeling machine arrives at the pro-
that TBP is recruited to the promoter at the peak timemoter via bivalent interactions with CBP and the acet-
of H3 and H4 acetylation and this recruitment correlatesylated histone N tails. SWI/SNF alters the structure of the
with the appearance of the first IFN- mRNA. Next, wenucleosome via an unknown mechanism, thus allowing
determined which residues at the H3 and H4 N terminirecruitment and DNA binding of TFIID to the TATA box
are acetylated in vivo by using acetylation site-specific(Merika and Thanos, 2001). The DNA bending induced
antibodies. Figure 1A shows that the pattern of H4 K8upon TFIID binding to the promoter causes sliding of
acetylation correlates with the overall acetylation pat-the SWI/SNF-modified nucleosome to a new position
tern of H4. In sharp contrast, H4 K5 and H4 K16 are not36 bp downstream, thus allowing the initiation of tran-
acetylated at the IFN- promoter during transcriptionalscription (Lomvardas and Thanos, 2001). This ordered
activation. Interestingly, the acetylation of H4 K12 wasrecruitment and nucleosome sliding is consistent with
observed only at the 6 hr time point. An identical patternthe view that histone acetylation sets the stage for ATP-
of site-specific acetylation was observed with two otherdependent remodeling by establishing a recognition
chromatin preparations, thus excluding the possibilitysurface for the bromodomains present in SWI/SNF-like
of significant variations from experiment to experimentremodeling machines. Furthermore, as histone acetyla-
(data not shown). Importantly, Figure 1B shows thattion precedes the recruitment of additional complexes
chromatin immunoprecipitated with the H4 K5 and H4bearing bromodomains, such as TFIID, it is possible that
K16 antibodies can react in Western blots with the samethis modification also regulates recruitment of TFIID to
antibodies, thus excluding the possibility that our inabil-promoters.
ity to detect H4 K5 and K16 acetylation at the IFN-Here, we report the results of experiments carried out
promoter is due to the inability of the correspondingto test the histone code hypothesis. We found that only
antibodies to precipitate chromatin.a small subset of lysines in histones H4 and H3 are
Figure 1A shows that the pattern of H3 K14 and H3acetylated in vivo during viral infection, and this modi-
K9 acetylation is distinct not only from the pattern offication is carried out by the GCN5 transcriptional
H4 K8 but also from each other. More specifically, H3coactivator complex. Reconstitution of recombinant
K14 acetylation perfectly correlates with the timing ofnucleosomes bearing mutations in these lysine residues
TBP recruitment and initiation of transcription, whereasrevealed a biochemical cascade for gene activation via
H3 K9 acetylation occurs earlier and persists throughouta point-by-point interpretation of the histone code
the time course of virus infection. Importantly, H3 S10through the ordered recruitment of bromodomain tran-
phosphorylation precedes H3 K14 acetylation, thus fur-scription complexes. More specifically, acetylation of
ther underscoring the functional link between these his-H4 lysine 8 is required for recruitment of the SWI/SNF
tone modifications in which S10 phosphorylation is re-complex, whereas acetylation of lysines 9 and 14 in
quired for subsequent K14 acetylation by GCN5 (Cheunghistone H3 is critical for the recruitment of the general
et al., 2000; Lo et al., 2000, 2001; Li et al., 2001; Thomsontranscription factor TFIID. Thus, the information con-
et al., 2001). The kinase responsible for H3 S10 phos-tained in the DNA address of the enhancer is extended
phorylation at the IFN- promoter is unknown. Taken(transferred) to the histone N termini by generating novel
together, these experiments illustrate that the histonesadhesive surfaces that participate in the recruitment of
at the IFN- promoter are not randomly acetylated.transcription complexes.
Rather, specific lysine residues are acetylated with dis-
tinct kinetic profiles thus generating unique patterns of
Results histone modifications during the time course of IFN-
gene expression. This dynamic and combinatorial mode
Virus Infection Induces a Distinct Pattern of histone modification could therefore generate the
of Histone Acetylation at the IFN- unique surfaces that are proposed to function as dock-
Promoter In Vivo ing sites for the recruitment of proteins required for
A test of the histone code hypothesis is to determine initiation of transcription.
whether a specific pattern of histone acetylation can be The experiments described above also suggest that
observed upon gene activation. To accomplish this, we the two HAT proteins (GCN5 and CBP), known to be
carried out chromatin immunoprecipitation experiments recruited by the enhanceosome in vivo (Agalioti et al.,
to identify the lysine residues on histones H3 and H4 2000), acetylate the histones at specific residues in the
that are acetylated when transcription of the IFN- gene context of the endogenous transcription complex. By
is induced by virus infection. HeLa cells were infected contrast, when these enzymes are tested in isolation
with Sendai virus for different amounts of time followed they display a broader substrate specificity (Grant et al.,
by formaldehyde treatment to cross link protein-protein 1999; Schiltz et al., 1999). To test whether the enhanceo-
and protein-DNA complexes and by precipitation using some-recruited HAT proteins display a similar specificity
a specific set of antibodies against single sites of acet- in vitro, we carried out the experiment shown in Figure
ylation in histones H3 and H4. Figure 1A shows that 1C. The enhanceosome was assembled on a biotinyl-
the overall pattern of histones H3 and H4 acetylation is ated IFN- promoter fragment (143 to 183) bearing
distinct. Both acetylation events begin at 3 hr postinfec- the nucleosome masking the TATA box, followed by
tion thus coinciding with the time of GCN5 recruitment to incubation with HeLa nuclear extracts in the absence
or presence of Acetyl-CoA to allow protein acetylationthe IFN- promoter (Agalioti et al., 2000). H4 acetylation
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Figure 1. Virus Infection Induces a Distinct Pattern of Histone Acetylation at the IFN- Promoter In Vivo
(A) HeLa cells were either mock- or virus-infected with Sendai virus for the indicated amounts of time. Cross-linked chromatin was immunopre-
cipitated with the indicated antibodies and the IFN- promoter was detected by PCR in these samples using promoter-specific primers. The
bottom part of the figure shows the abundance of the IFN- mRNA as detected by RT-PCR.
(B) Cross-linked chromatin precipitated with the histone H4 (K5, K8, K12, and K16), H4 (K5), and H4 (K16) acetylation-specific antibodies (lane
1), or beads (lane 2) was separated by SDS PAGE along with input chromatin (lane 3) followed by Western blot using the same antibodies as
immunoprobes as indicated in the figure.
(C) The IFN- enhanceosome was assembled on a biotinylated promoter fragment (143 to 183) bearing the nucleosome (15 to 132)
followed by incubation with HeLa nuclear extracts in the absence (lanes 1 and 2) or the presence of Acetyl-CoA. The proteins were analyzed
by SDS PAGE and specifically acetylated histone lysine residues were detected by Western blotting using the antibodies shown on the left
part of the figure.
(D) Same as in (C) except the templates were incubated either with complete nuclear extracts (lanes 1 and 2), CBP/p300 depleted extracts
(lanes 3 and 4), GCN5/PCAF depleted extracts (lanes 5 and 6), or BRG1/BRM depleted extracts (lanes 7 and 8) followed by Western blot
analysis using an antibody that recognizes specifically acetylated H4K8.
(E) Shown is a Western blot using the indicated antibodies (shown on the left) and either complete (lanes 1, 3, and 5), or CBP/p300-depleted
(lane 2), or GCN5/PCAF-depleted (lane 4) or SWI/SNF-depleted-HeLa nuclear extracts (lane 6).
to occur (Agalioti et al., 2000). The acetylated lysine of CBP/p300 did not affect histone acetylation (lanes 3
and 4). As a control, we showed that depletion of theresidues in histones H3 and H4 were detected by West-
ern blot analysis using specific antibodies. In agreement SWI/SNF complex did not affect the pattern of histone
acetylation (lanes 7 and 8). The Western blot of Figurewith the in vivo results (Figure 1A), the enhanceosome
recruits HAT proteins in vitro, which acetylate H4 and 1E shows that removal of GCN5/PCAF from the extracts
did not lead to codepletion of CBP and that depletionH3 at K8 and K14 (and K9, data not shown), respectively.
Thus, both in vivo and in vitro, the enhanceosome in- of CBP did not lead to depletion of GCN5/PCAF. These
experiments suggest that GCN5 is the primary histoneduces acetylation of histones H3 and H4 at the same
residues. To determine which of the HAT proteins re- acetylase that functions in the site-specific acetylation
of the nucleosome at the IFN- promoter. This conclu-cruited by the enhanceosome causes site-specific acet-
ylation, we repeated the above experiment using ex- sion is consistent with the observation that histone acet-
ylation at the IFN- promoter in vivo correlates bettertracts depleted for GCN5/PCAF or CBP/p300. Figure 1D
shows that depletion of GCN5/PCAF abolishes H4 K8 with the recruitment of GCN5 than with that of CBP
during the time course of virus infection (Agalioti et al.,(and H3 K14, data not shown) acetylation in vitro (com-
pare lanes 1 and 2 with 5 and 6). Surprisingly, depletion 2000, Lomvardas and Thanos, 2002).
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Figure 2. Reconstitution of Recombinant Nucleosomes at the IFN- Promoter
(A) Shown is an SDS PAGE gel depicting E. coli expressed and purified WT and mutant histones.
(B) The purified histones shown above were mixed at equimolar ratios and the assembled cores were purified via a Superdex 200 column.
The fractions containing the histone cores (fractions 46–50 shown at the bottom of the figure) were pulled and used for nucleosome reconstitution
experiments with the IFN- promoter.
(C) Shown is a table depicting all different nucleosomes prepared and used in this study. Nucleosomes containing mutations in individual
lysine residues in H4 or H3 are shown as histone mutants; nucleosomes assembled from preacetylated H3 or H4 or both H3 and H4 are also
shown. Finally, nucleosomes containing swaps of histones H3 and H4 tails are depicted as swaps. In each case, the nucleosomes contain
intact H2A and H2B histone proteins and either H3 or H4 intact proteins. The name given for each nucleosome reflects the change of the
affected histone.
(D) Nucleosome reconstitutions were carried out using a radiolabeled fragment spanning the 143 to 183 region of the IFN- promoter and
the indicated cores as donor chromatin. The products were analyzed by EMSA.
(E) The labeled IFN- promoter nucleosome fragments from (D) were gel purified and incubated with increasing amounts of ExoIII to identify
the nucleosome boundaries. The arrowhead depicts ExoIII protected nucleosomal DNA.
(F) Purified Histones H4 and H3 were acetylated in vitro using recombinant GCN5 as described in Experimental Procedures followed by PAGE
and Western blotting using the indicated antibodies.
Reconstitution of Recombinant Nucleosomes ent nucleosome cores generated and used in this study.
Next, the purified octamer cores were employed in titra-at the IFN- Promoter
To decode the transcriptional histone acetylation code, tion nucleosome reconstitution experiments using a ra-
diolabeled IFN- promoter fragment spanning the re-that is, to link individual histone H3 and H4 acetylations
with specific functions during transcription, we took ad- gion from –143 to 183, followed by EMSA. Figure 2D
shows that the recombinant WT or mutant histone coresvantage of the perfect correlation between enhanceo-
some-induced site-specific histone acetylation of the are reconstituted into nucleosome particles with compa-
rable affinities and migrate at the same position on theIFN- promoter in vivo and in vitro. Specifically, we gen-
erated recombinant nucleosomes consisting of either gel as nucleosomes reconstituted from HeLa chromatin.
The boundaries of the in vitro reconstituted recombinantWT histones or histones bearing amino acid substitu-
tions at the same lysine residues that are acetylated in nucleosomes at the IFN- promoter were identified by
exonuclease III digestion. The IFN- promoter fragmentvivo and in vitro. Furthermore, to investigate the role of
individual histone tails, we constructed hybrid H3 and (143 to  183) was labeled at one end, reconstituted
to nucleosomes using either HeLa or recombinant WTH4 histones in which their N termini have been swapped.
The histone proteins were expressed in E. coli, purified or H3A14 core particles, gel purified, and incubated with
increasing amounts of ExoIII to identify the nucleosometo homogeneity, and used for the assembly of nucleo-
some core particles (Luger et al., 1999) (Figures 2A and boundaries. Figure 2E shows that the HeLa-derived and
the E. coli-expressed histone octamers are positioned2B). We also generated octamer cores in which histones
H3 or H4 or both had been acetylated with GCN5 before at the same place in the IFN- promoter in the region
from15 to132 relative to the start site of transcriptionnucleosome reconstitution. Figure 2C depicts all differ-
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(Agalioti et al., 2000). We conclude that the recombinant changed to alanine (H4A8) (compare lanes 3 and 4 with
5 and 6). Remarkably, on the H3A14 and H3A9 templatesand HeLa cell derived nucleosomes are positioned on
in which K14 and K9 have been substituted by alanines,the same sequence of the IFN- promoter.
the enhanceosome recruited BRG1 as efficiently as it
did on the WT template, but it failed to recruit TFIIDHistone Acetylation Is a Prerequisite for
(lanes 7, 8 and 11, 12). As a control, we showed thatEnhanceosome-Dependent SWI/SNF and
the recruitment of both BRG1 and TAFII250 was notTFIID Recruitment at the IFN- Promoter
affected by mutating K5 of H4 to alanine (H4A5, lanes 9As mentioned above, transcriptional activation of the
and 10). As mentioned above (Figure 1A), H4 K8, H3 K9IFN- gene begins with histone acetylation, which facili-
and H3 K14 are acetylated in response to virus infection,tates SWI/SNF recruitment by the enhanceosome. Sub-
whereas H4 K5 is not acetylated. Intriguingly, substitu-sequently, SWI/SNF remodels the nucleosome masking
tion of H4 K12 did not affect the recruitment of eitherthe TATA box such that TFIID can bind to the TATA box.
BRG1 or TAFII250 (Figure 3B, lanes 15 and 16) althoughThe dramatic DNA bend induced upon TFIID binding
this residue is acetylated in vivo albeit for only a veryforces the SWI/SNF-remodeled nucleosome to slide 36
short period of time (Figure 1A). Interestingly, the en-bp downstream, a requirement for initiation of transcrip-
hanceosome did not recruit TAFII250 when tested withtion. This cascade of recruitment events and chromatin
a recombinant nucleosome in which S10 of H3 was sub-modifications has been faithfully recapitulated in vitro
stituted for alanine (H3A10), although this nucleosomeusing purified components (Lomvardas and Thanos,
recruited BRG1 (Figure 3B, lanes 17 and 18). Thus, the2001). We propose that the temporal and distinct pattern
effects of S10, K14, and K9 mutations are identical.of histone acetylation at the IFN- promoter generates
In each case, the recruitment of TAFII250 is inhibiteda code, which is translated via the recruitment of bromo-
without affecting the recruitment of BRG1. In addition,domain-containing complexes to the promoter. The
the result with the S10 mutated nucleosome further sup-SWI/SNF and TFIID complexes contain proteins that
ports the possibility that there is functional couplingbear bromodomains (Marmorstein and Berger, 2001),
between S10 phosphorylation and K14 acetylationand the recruitment of both of these complexes to the
(Cheung et al., 2000; Lo et al., 2000, 2001; Li et al., 2001;IFN- promoter is facilitated by histone acetylation
Thomson et al., 2001).(Agalioti et al., 2000). We therefore investigated how
To gain further insights into the mechanisms by whichthese complexes are recruited to WT and to mutant
acetylation of histones H3 and H4 mediates recruitmentnucleosomal templates bearing specific lysine residue
of TAFII250 and BRG1, we investigated their recruitmentsubstitutions at their N termini (Figure 2C).
to nucleosomes in which H3 or H4, or both were acet-The IFN- promoter fragment (143 to 183) was
ylated by recombinant GCN5 prior to their reconstitutionbiotinylated and reconstituted to mononucleosomes us-
to nucleosomal cores (Figure 2F). As seen in Figure 3Bing either HeLa or recombinant core histones followed
(lanes 19 and 20), the enhanceosome recruited BRG1by incubation with nuclear extracts and Western blot
on H4Ac nucleosomes but it did not recruit TAFII250. Onanalysis to detect the bound proteins. Consistent with
the other hand, none of these proteins was recruited byour previous observations (Agalioti et al., 2000), the en-
the enhanceosome to promoters bearing H3Ac nucleo-hanceosome recruits small amounts of SWI/SNF (BRG1)
somes (Figure 3B, lanes 21 and 22). However, theseand TFIID (TAFII250) when the HeLa chromatin used
proteins were recruited when both histones H3 and H4was not acetylated (Figure 3A, lanes 1 and 2). However,
were preacetylated (lanes 13 and 14). These experi-when the nucleosomal template was allowed to be acet-
ments are in agreement with the results shown above
ylated, an increase in the recruitment of both BRG1 and
where H4 K8 acetylation is required for BRG1 recruit-
TAFII250 was observed (compare lanes 1 and 2 with 3
ment, whereas H3 K9 and K14 acetylation is required
and 4). In contrast to the result obtained with HeLa for TAFII250 recruitment. The reason that TAFII250 is
derived nucleosomes, recombinant and unacetylated not recruited in H4 K8 or in H3Ac nucleosomes is because
nucleosomal cores did not support enhanceosome- binding of TFIID (bringing TAFII250) to the promoter
dependent recruitment of BRG1 and TAFII250 (lanes requires prior remodeling of the nucleosome by SWI/
5 and 6), indicating that the low levels of recruitment SNF (BRG1), but the latter however cannot be recruited
observed with unacetylated HeLa chromatin are due to these templates.
to the basal level of acetylation occurring in metazoan Although the experiments described above strongly
chromatin (An et al., 2002). Interestingly, acetylation of favor the existence and the reading of a histone acetyla-
the recombinant cores by recruited GCN5 restored re- tion code, they do not exclude the alternative possibility
cruitment of both bromodomain-containing complexes that the recruited bromodomain complexes recognize
to the IFN- promoter (lanes 7 and 8). Thus, histone charge patches in three-dimensional space (Ren and
acetylation is a prerequisite for the subsequent recruit- Gorovsky, 2001). To test this possibility, we investigated
ment of both SWI/SNF and TFIID to the promoter, a BRG1 and TAFII250 recruitment on nucleosomal tem-
result that verifies our previous observations using plates engineered to bear either H4 or H3 tails only or
preacetylated HeLa chromatin (Agalioti et al., 2000). have the tails of histones H3 and H4 swapped. In other
words, the nucleosome-labeled H4H3tail contains only H3
Decoding the Histone Acetylation Code of IFN- tails since the H4 tail of histone H4 has been replaced
Gene Activation by the H3 tail. Similarly, the H3H4tail nucleosome has only
The data of Figure 3B show that the enhanceosome H4 tails, whereas in the H3H4tail/H4H3tail the tails have been
cannot recruit the BRG1 complex and therefore TFIID swapped. Figure 3B (lanes 25 and 26) shows that the
nucleosome containing H4 tails only (H3H4tail) recruitson a nucleosomal template in which lysine 8 of H4 is
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Figure 3. Enhanceosome-Dependent Recruitment of SWI/SNF and TFIID to WT or Mutant IFN- Nucleosomal Promoters
(A) A biotinylated IFN- promoter fragment bearing the nucleosome reconstituted from HeLa chromatin (lanes 1–4) or from E. coli expressed
histone octamer cores (lanes 5–8) was attached to Dyna-beads and was incubated with HeLa nuclear extracts in the presence or the absence
of Acetyl-CoA as indicated. The reactions were washed four times and bound proteins were detected by Western blotting using BRG1 and
TAFII250 specific antibodies.
(B) Same as in (A) except that the entire section of mutant nucleosomes was also used along with the WT nucleosome as indicated in the
figure.
(C) Shown is an SDS PAGE gel depicting the purified GSTbromodomain fusions.
(D) Same as in (A) except that equal amounts of GST, GSTBRG1 bromodomain, or GST-TAFII250 double bromodomain were included in
the recruitment reaction.
(E) Same as in (A) except that 1 M of the indicated histone N termini peptides were included in the recruitment reaction.
(F) Same as in (D) except that the GST-TAFII250 double bromodomain competitor or GST protein alone were preincubated with the indicated
peptides before they were added into the incubation reaction.
BRG1 and not TAFII250, whereas the H4H3tail nucleosome petitor (lanes 7 and 8). It is important to mention that the
GSTBRG1 bromodomain competitor in the TAFII250(bearing H3 tails only) cannot recruit either BRG1 or
TAFII250 (lanes 23 and 24). Remarkably, recruitment of recruitment experiment was added after recruitment of
BRG1 to the template to allow chromatin remodeling toboth complexes is restored in the swapped tail nucleo-
some (lanes 27 and 28). Taken together, these experi- occur first. When the GSTBRG1 bromodomain com-
petitor was added during the incubation reaction abol-ments suggest that BRG1 and TAFII250 are recruited to
the IFN-promoter because they recognize site-specific ished the recruitment of TAFII250, as BRG1 was not
recruited to promoter (Figure 3D, lane 6, top). Thus,acetylations at H4 and H3, respectively, and not a charge
patch. these bromodomain-containing transcription com-
plexes are likely to be recruited to the promoter becauseTo determine whether translation of the histone acet-
ylation code involves specific interactions of bromodo- their bromodomains recognize site-specific acetylations
at the histone H3 and H4 N termini. A similar result wasmains and acetylated histone H3 and H4 N termini, we
carried out competition recruitment experiments using also obtained when various H4 and H3 acetylated pep-
tides from the N termini of H3 and H4 were used inBRG1 or TAFII250 bromodomain protein fragments (Fig-
ure 3C) or acetylated histone N termini peptides as com- competition experiments. Figure 3E shows that BRG1
recruitment to the IFN- promoter is competed by anpetitors. Figure 3D shows that BRG1 but not TAFII250
recruitment is competed by the purified BRG1 bromodo- H4 K8 (compare lanes 1, 2 with 7, 8) or H4K12 (lanes 9
and 10) acetylated peptide but not with an unacetylatedmain (compare lanes 1–4 with 5 and 6). Conversely,
TAFII250 but not BRG1 recruitment, is eliminated by (lanes 3 and 4) or H4K5 (lanes 5 and 6) or H4K16 (lanes
11 and 12) acetylated peptide. As expected, all H3 Nusing the double bromodomain of TAFII250 as a com-
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termini derived peptides used did not affect recruitment
of BRG1 (lanes 15–20). The experiment of Figure 3F
shows that the highly specific interaction of the TAFII250
double bromodomain with the histone H3 acetylated N
terminus and not with the acetylated H4 N terminus
requires the natural enhancer/promoter and chromatin
context. As seen in the figure, when the GST-TAFII250
double bromodomain competitor was preincubated with
either H4 or H3 acetylated histones N termini and then
added to the recruitment reaction did not compete for
TAFII250 recruitment to the IFN- promoter (compare
lanes 13, 14 with 19–22), thus indicating that the bromo-
domain acetyl-peptide interaction pocket was bound by
the peptides. These interactions are specific for acet-
ylated histone N termini peptides since they do not occur
when the TAFII250 bromodomain competitor was incu-
bated with nonacetylated peptides (lanes 15–18). Thus,
when tested in isolation, the TAFII250 double bromodo-
main interacts with comparable affinities with both his-
tone H3 and H4 acetylated N termini, a result consistent
with previous studies (Jacobson et al., 2000).
In summary, the experiments described so far showed
that (1) the lysines on histones H3 and H4 are not acet-
ylated randomly. Rather specific amino acid residues
are selected for acetylation (K8 and K12 in H4, and K9
and K14 in H3) by the recruited HAT proteins in vivo; (2)
the same lysine residues are also selected for acetyla-
tion in vitro by the recruited GCN5 complex to the pro-
moter; (3) acetylation of histone H4 at K8 is required for Figure 4. The Functional Interpretation of the Histone Acetylation
the recruitment of the SWI/SNF chromatin remodeling Code
complex by the enhanceosome. This recruitment is me- Shown are in vitro transcription reactions using the IFN- promoter
diated by the bromodomain of the BRG1 component in fragment (143 to 183) bearing the WT or mutant recombinant
nucleosomes as indicated. All reactions contain Acetyl-CoA exceptthe complex; (4) phosphorylation of S10 in H3 precedes
lanes 1 and 2 and 35–40. Correctly initiated messages were detectedK14 acetylation in vivo and (5) acetylation of H3 at K9
by primer extension as described previously (Agalioti et al., 2000).and K14 is required for the recruitment of the double
The top part of the figure shows a side-by-side experiment using
bromodomain-containing TAFII250 protein, thus install- the WT IFN- promoter and the IFN-slid promoter (Lomvardas and
ing TFIID on the promoter. Therefore, specific chemical Thanos, 2002) bearing the WT or the indicated nucleosome muta-
modifications of the chromatin surrounding the en- tions.
hancer expands the genetic information of the regula-
tory element by determining whether the gene will be
activated or will be kept silent. nucleosomal template (lanes 5 and 6) since BRG1 re-
cruitment is impaired (Figure 3). Remarkably, when this
nucleosomal template was incubated with purified SWI/Specific Translation of the Histone Acetylation
Code Reveals a Cascade of Gene Activation SNF complex, thus bypassing the requirement for its
recruitment, transcriptional activation was restored (Fig-The information-processing pathway initiated at the
IFN- enhancer with the assembly of the enhanceosome ure 4, lanes 17–20). Likewise, the enhanceosome did
not induce transcription on the H3A14 (Figure 4, lanes 7culminates in nucleosome remodeling and sliding, thus
leading to initiation of transcription. This cascade is and 8) or on H3A9 (lanes 27 and 28) nucleosomal tem-
plates. Importantly, this defect was restored when theobligatory for IFN- gene activation, and the experi-
ments described above suggest that the pathway relies H3A9 template was incubated with the purified TFIID
complex (Figure 4, lanes 33 and 34) but not with theon the specific interpretation of the histone acetylation
code. To test this idea, we used the recombinant WT purified SWI/SNF complex (Figure 4, lanes 29 and 30).
That these residue-specific acetylation effects are dueand mutant nucleosomes in functional assays such as
in vitro transcription. Figure 4 (lanes 1 and 2) shows that to the presence of the specific nucleosome obstructing
transcription and not to any other reason was demon-the enhanceosome cannot activate transcription from
a template bearing the recombinant and unacetylated strated by measuring transcriptional activation from the
IFN-slid gene. This gene contains the same enhancernucleosome, a result consistent with its inability to re-
cruit SWI/SNF and TFIID (Figure 3; see also Loyola et and core promoter but the nucleosome that ordinarily
masks the core promoter has been artificially deliveredal., 2001; An et al., 2002). However, when the same
nucleosome was allowed to be acetylated by the re- to the same site to which it slides during transcriptional
activation (Lomvardas and Thanos, 2002). Transcrip-cruited GCN5 complex transcriptional activation was
restored (Figure 4, lanes 3 and 4). As expected, the tional activation of the IFN-slid gene occurs in the ab-
sence of SWI/SNF although the histones in this nucleo-enhanceosome cannot induce transcription on the H4A8
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some are acetylated. Figure 4 (lanes 1–12) shows that the enhanceosome in vivo or in vitro (GCN5 and CBP)
can acetylate many more residues when tested in vitro.none of the nucleosome mutations tested affected tran-
We found that GCN5 and not CBP is the HAT proteinscription of the IFN-slid gene, thus verifying the chroma-
acetylating the histone N termini, since depletion oftin-specific effects revealed in our assays.
CBP/p300 from the nuclear extracts did not affect theAdditional evidence supporting the data presented
histone acetylation pattern at the IFN-promoter at leastabove was provided by testing nucleosomal templates
in vitro. However, our experiments do not exclude thebearing preacetylated histones H3 or H4 for their ability
possibility that GCN5 initiates histone acetylation andto support transcriptional activation. Figure 4 (lanes 35–
CBP maintains this acetylation pattern in vivo and/or38) shows that the nucleosomes consisting of acetylated
an unknown histone acetyl-transferase associated withhistones H4 or H3 only could not support transcriptional
GCN5 or PCAF is immunodepleted together with theactivation. However, when both histones H3 and H4
GCN5/PCAF complex in our experiments. That GCN5’swere acetylated then the biochemical cascade of gene
in vivo substrate specificity differs from in vitro analysesactivation was fully restored (Figure 4, lanes 39 and
has been also suggested in yeast (Suka et al., 2001).40). Again, as a control, we showed that nucleosomal
These observations indicate that the specificities of thetemplates containing mutations in histone lysine resi-
acetylase activities of CBP and GCN5 could be deter-dues that are not acetylated in vivo have no defect in
mined, at least in part, by conformational differencestranscriptional activation (Figure 4, lanes 11 and 12).
induced upon their recruitment to the enhanceosomeInterestingly, we found that in the H4A12 nucleosomal
and/or by the internal geometry of the complexes. Thistemplate, the amounts of activated transcription are de-
hypothesis is consistent with the recent observation thatcreased to 15% of the WT levels (Figure 4, lanes 9
the CRSP coactivator complex undergoes distinct con-and 10) despite the fact that we have been unable to
formational changes upon its interaction with differentdetect a defect in BRG1 or TFIID recruitment (Figure
activators (Taatjes et al., 2002) and with the allosteric3B, lanes 15–16). Interestingly, the H4 K12 acetylated
effects of Pit-1 DNA sites imposed on the Pit-1 transcrip-peptide competed for BRG1 recruitment (Figure 3E,
tion factor on the decision to activate or repress genelanes 9 and 10). This difference could be due to either
expression via the recruitment of coactivators or core-different kinetic parameters and/or to the different sensi-
pressors, respectively (Scully et al., 2000). Therefore, ittivity of these assays. It is important to emphasize that
is reasonable to consider the possibility that conforma-this residue is only acetylated for a very short period of
tional changes in CBP occur as a result of its interactionstime in vivo (Figure 1A).
with the enhanceosome (Merika et al., 1998), and these
conformational changes may affect its acetylase ac-Discussion
tivity. Interestingly, both CBP’s and P/CAF’s (GCN5
homolog) HAT activities are differentially required forAn important implication of the histone code hypothesis
transcriptional activation depending on the activator re-is that the enhancer DNA alone is not sufficient for the
cruiting these complexes (Korzus et al., 1998). Thus, thedeployment of complex patterns of gene expression.
conformational flexibility of multi-subunit coactivator
Instead, inputs received on enhancer DNA in the form
complexes may play an important role in the specificity
of multiple transcription factor binding mediate the re-
of their actions. That CBP’s acetylase activity can be
cruitment of chromatin modifiers and other transcription
tightly regulated is also consistent with our previous
complexes that generate additional regulatory informa- observation that CBP cannot acetylate HMG I(Y) on K65
tion. This additional information is printed on the histone when K71 has been previously acetylated by GCN5 in
N termini in the form of specific patterns of acetylation, vivo or in vitro (Munshi et al., 2001). Collectively, these
phosphorylation, and/or methylation, thus extending the data support the idea that the temporal pattern of spe-
information content in the DNA code. An important dif- cific histone acetylations at the IFN- promoter is gener-
ference between the DNA code and the histone code ated by a combination of mechanisms that fine-tune
is that the former is permanent whereas the latter is the relevant enzymatic activities via conformational
temporal. Furthermore, the DNA code contains all the changes induced on the enzyme per se and/or by modi-
information for printing the histone code, that is, the fying the substrate by, for example, phosphorylation.
information flows from the enhancer to the nearby We have determined the histone acetylation code by
nucleosomes and not vice versa (Figure 5). A histone simulating the chromatin configuration and alterations
code is meaningful only if these modifications are spe- at the IFN- promoter using recombinant WT or mutant
cific and only if they are translated in a specific-manner nucleosomes in which the same lysine residues found
giving rise to distinct biological functions. The patterns to be acetylated in vivo or in vitro have been substituted.
of histone acetylation are rapidly restored to their This approach revealed that acetylation of K8 of histone
steady-state levels upon removal of the enzymes (acety- H4 is required for the recruitment of BRG1, the ATPase
lases and deacetylases) perturbing the histone acetyla- in the SWI/SNF complex (Figure 5). As a result, the
tion equilibrium at specific loci, at least in yeast (Vogel- nucleosome cannot be remodeled and therefore TFIID
auer et al., 2000; KatanKhaykovich and Struhl, 2002). cannot associate with the TATA box to induce nucleo-
In this study, we asked whether a histone acetylation some sliding and transcriptional activation. Consistent
code exists, and if so, how it is translated. Our experi- with this view pretreatment of the nucleosome con-
ments revealed that during transcriptional activation of taining the H4 K8 mutation with SWI/SNF prior to incuba-
the IFN- gene only a small subset of the lysine residues tion with the nuclear extract fully restored transcriptional
on histones H3 and H4 are acetylated. This finding is activation. Conversely, nucleosomes bearing mutations
on H3 K9 and K14 do not allow TFIID recruitment, de-particularly intriguing since the two HATs recruited by
Decoding the Histone Acetylation Code
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Figure 5. A Model Depicting the Biochemical Cascade Decoding the DNA and Histone Acetylation Code during Activation of Human IFN-
Gene Transcription
(A) The DNA code contains all the information for the assembly of the enhanceosome in response to virus infection.
(B) DNA code information processing. The enhanceosome recruits the GCN5 histone acetyltransferase.
(C and D) GCN5 acetylates initially H4K8 and H3K9 (C). An unknown kinase recruited by the enhanceosome phosphorylates H3 Ser 10, a
prerequisite for H3K14 acetylation by GCN5 (D). The histone code is printed.
(E) Translation of the histone code. The bromodomain containing transcription complexes SWI/SNF and TFIID are recruited to the promoter
via bivalent interactions between the enhanceosome and specifically acetylated histone N termini.
spite the fact that they support recruitment of SWI/SNF. BRG1 bromodomain with the H4 K8 acetylated tail. Al-
though, BRG1’s bromodomain could interact at least inAgain, this defect was restored when purified TFIID was
allowed to bind to the remodeled nucleosome. These principle with other acetylated lysine residues on H3,
these interactions may not be of sufficient strength tospecific defects in the biochemical cascade leading to
transcriptional activation provide strong evidence for ensure stable binding of the SWI/SNF complex to the
promoter. Similarly, recruitment of TFIID to the SWI/the existence of a histone acetylation code (Figure 5).
The precision by which the histone code is decoded SNF-modified promoter is stabilized via two types of
interactions. The first with various enhanceosome com-is remarkable. Most likely, the code is translated via
specific interactions of bromodomains with the acet- ponents (Kim and Maniatis, 1997) and the second with
the interaction between the two bromodomains ofylated histone N termini (Figure 5). We showed that the
bromodomain in BRG1 associates with the H4 tail acet- TAFII250 and the two acetyl groups on residues K9 and
K14 of histone H3. Several observations support thisylated at K8, whereas the double bromodomain in
TAFII250 binds to the doubly acetylated at K9 and K14 notion. First, both TBP and TAFII250 are simultaneously
recruited to the promoter with almost identical kineticsH3 tail. The competition assays using either acetylated
histone N termini peptides or bromodomain polypep- in vivo (Agalioti et al., 2000). Second, recruitment of
TFIID in vivo occurs only when both H3 K9 and K14 aretides as competitors revealed an unprecedented level of
specificity for the interactions between bromodomains acetylated. Third, mutations in either K9 or K14 abrogate
TFIID recruitment. Our data show that the TAFII250 dou-and acetyl-lysine histone N termini. Again, this remark-
able degree of specificity may be dictated by the confor- ble bromodomain, when recruited to the natural IFN-
promoter, interacts specifically with the H3 K9 and K14mational changes forced upon these complexes by their
interactions with other proteins in the complex. Thus, the acetylated residues and not with the acetylated H4 tails.
However, we showed that when tested in isolation andpoint-by-point interpretation of the histone acetylation
code may rely on the precise allosteric changes induced out of the promoter/chromatin natural context, the dou-
ble TAFII250 bromodomain interacts with similar affinit-in many proteins upon their association with transcrip-
tion factor complexes. For example, the initial recruit- ies to both H4 and H3 acetylated tails, a result consistent
with previous in vitro observations (Jacobson et al.,ment of SWI/SNF via its association with CBP is stabi-
lized on the promoter through the association of the 2000). We propose that the inordinate set of interactions
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constructed using standard PCR mutagenesis methods with theoccurring with purified bromodomains and acetylated
appropriate set of primers. The H4H3tail chimera contains the 26 N-ter-histone tails is “fixed” when present in natural promoter/
minal amino acids from histone H3 fused in frame with the region ofchromatin contexts. In the latter case, it is possible that
H4 encompassing amino acids 20–102. Likewise, the H3H4tail histone
the competing interactions cannot take place either be- chimera contains the 20 N-terminal amino acids from H4 fused in
cause the alternative target is occupied (e.g., the H4 tail frame with amino acids 26–135 from histone H3. All mutants were
is already bound by SWI/SNF) or the specific three- verified by DNA sequencing. The purification of the recombinant
dimensional conformation of the transcription complex histones was performed according to the protocol described by
Luger et al. (1999), with the following modifications. Three to fourdoes not permit these interactions to occur (Figure 5).
liters of bacterial cultures were induced with IPTG at an OD600  0.5Is the histone acetylation code universal? That is, do
for three hours. Bacteria were harvested and the inclusion bodiesthe same histone modifications occur in other promoters
containing the histone proteins were solubilized in unfolding bufferand have the same biological outcome? Given that his-
(7M Guanidine HCl, 20 mM Tris-HCl [pH 7.5], and 10 mM DTT). The
tone acetylation is generally linked with gene expres- samples were centrifuged for 20 min at 23,000g. The supernatant
sion, we believe that the individual modules of the his- was diluted with 5–10 volumes of SAU-0 Buffer (7 M Urea, 20 mM
tone code as deciphered here apply to other genes as Sodium acetate [pH 5.2], 5 mM -mercaptoethanol, and 1 mM EDTA)
and applied to a 5 ml SP column (Amersham-Pharmacia). The col-well. For example, we imagine cases where the code
umn was washed with 25 ml of SAU-0 buffer and eluted with 15 mlmay be useful for the recruitment of only one bromodo-
of SAU-400 (7 M Urea, 20 mM Sodium acetate [pH 5.2], 5 mMmain-containing transcription complex because the re-
-mercaptoethanol, 1 mM EDTA, and 400 mM NaCl) and 15 mlcruitment of the other(s) occurs efficiently via another
of SAU-600 (7 M Urea, 20 mM Sodium acetate [pH 5.2], 5 mM
type of protein-protein interactions and without a need
-mercaptoethanol, 1 mM EDTA, and 600 mM NaCl). In each case,
for acetylated histone N termini. This idea emanates fractions containing pure histone proteins were pooled and dialyzed
from the modular nature of the histone acetylation code extensively against deionized water supplemented with 5 mM
where, as we showed here, a specific defect in the first -mercaptoethanol. The proteins were then lyophilized and stored
at 80C. Refolding of the histone octamer was performed as de-recruitment does not affect the second one when the
scribed (Luger et al., 1999). The resulting histone cores were purifiedformer requirement is bypassed by other means. Fur-
by gel filtration through a Hi Load 26/60 SuperdexTM 200 (Pharmacia)thermore, even within the same module of the biochemi-
column. Reconstitution of nucleosome core particles was performedcal cascade reading the code, it is possible to have
by the octamer transfer method using the reconstituted histone
variations given the inherent low specificity by which octamers as donor particles (Agalioti et al., 2000).
different bromodomains distinguish discrete acetylated
lysine residues in the histone tails. Taken together, we
Preacetylation of Histones
propose that the specific code used could be different Denatured histones (4.0 mg) were dissolved in acetylation buffer
in different cases depending on at least two variables, (50 mM Hepes [pH 7.9], 10% glycerol, 10 mM Sodium Butyrate, 1
which are different from gene to gene. First, how the mM DTT, 1 mM PMSF, and 0.1 mM Acetyl-CoA) at a concentration
of 2 mg/ml. Thirtyg of purified His-tagged GCN5 protein was addedrecruited HATs transduce their effects to the neigh-
to the histones and the reaction was incubated at 30C for threeboring nucleosomes and second, what is the chromatin
hours. This step was repeated two more times to ensure maximumarchitecture in each gene. For example, in some genes,
acetylation. At the end of the incubation, the acetylated histonesCBP and not GCN5 could be the primary histone acetyl-
were dialyzed extensively against deionized water supplementedtransferase acetylating different lysine residues than the with 5 mM -mercaptoethanol. A small aliquot was checked by acid-
ones we described here for GCN5. In such cases, the urea gel electrophoresis and Western blotting to detect the extent
unique three-dimensional structure of the transcrip- of acetylation. Next, the histones were lyophilized, stored at 80C,
tional complexes in the context of unique polynucleoso- or directly used in the formation of nucleosome cores as described
above.mal arrays could read that code again via bromodomain-
acetylated histone tail interactions, which presumably
are different from the ones we described here and which In Vitro Transcription and Recruitment Experiments
All in vitro transcription and recruitment experiments were per-may affect in addition the type of internucleosomal inter-
formed as previously described (Agalioti et al., 2000; Lomvardasactions. As we cannot predict the precise expression
and Thanos, 2001, 2002) using immobilized templates bearing thepattern of a gene by examining the arrangement and
IFN- enhancer/promoter (143 to 183) containing either the WTidentity of the transcription factor binding sites of its
or mutant nucleosomes. In the competition experiments using pep-
enhancer, we cannot predict the role of individual acet- tides, 0.4g of neutral or acetylated peptides were added simultane-
ylated lysines in the process of transcriptional activa- ously with the HNEs during the incubation time. In the competition
tion. Such a flexibility both in the actual code used and experiments using GST-bromodomain fusion proteins, 5 g of
in how it is interpreted from gene to gene is reminiscent each competitor protein was included as indicated in the figure
legends. The GST-BRG1 bromodomain encompasses amino acidsof the flexible and modular organization of enhancer
1447 to 1524, whereas the GST-TAFII250 double bromodomain en-DNA, where the biological function of a single factor
compasses amino acids 1359 to 1638 fused to the GST moiety. Indoes not depend on the precise sequence to which it
the case where BRG1 recruitment was monitored, the bromodomainbinds, but on the different modular context where the
competitors were added simultaneously with the HNEs, whereas in
site functions within the enhancer. These mechanisms the case of TAFII250 detection, protein competitors were added
are highly sophisticated and can provide the necessary simultaneously with the addition of ATP in the reaction. Where both
flexibility required for a small number of transcription GST-Bromodomain fusions and acetylated peptides were used in
the same recruitment reaction (Figure 3F), the experiment was per-factor and cofactors to regulate the entire pool of genes
formed as follows: GST and GST-TAFII250 bromodomain were cou-in a given organism with remarkable precision.
pled to glutathione beads and 50 g were incubated at 4C for 3
hr with 50 g of the indicated peptides in BC-50 buffer. Next, theExperimental Procedures
coupled beads were washed three times to remove traces of the
free peptides and the proteins were then eluted in a volume of 50Construction of the Mutant Histone Expressing Vectors and
l of BC-50 (BC-50: 20 mM Hepes [pH 7.9], 50 mM KCl, 20% glycerol,Histone Purification
0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF) supplemented withExpression plasmids (pET3a) encoding the WT histones H2A, H2B,
H3, and H4 were provided by K. Luger. All histone mutations were 3 mM reduced glutathione. The protein competitors were subse-
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quently added in the recruitment reactions simultaneously with the (2001). Transcriptional induction of MKP-1 in response to stress is
associated with histone H3 phosphorylation-acetylation. Mol. Cell.addition of ATP.
Chromatin immunoprecipitations were carried out as described Biol. 21, 8213–8224.
previously (Agalioti et al., 2000). The antibodies used were obtained Lo, W.S., Trievel, R.C., Rojas, J.R., Duggan, L., Hsu, J.Y., Allis, C.D.,
from Upstate Biotech (acH4-tetra, acH4K8, acH4K12, acH3K9K14, Marmorstein, R., and Berger, S.L. (2000). Phosphorylation of serine
acH3K14, and phH3S10), Serotech (acH4K5 and acH4K16), and 10 in histone H3 is functionally linked in vitro and in vivo to Gcn5-
Santa Cruz (TBP). The acH3 K9 antibody was kindly provided by M. mediated acetylation at lysine 14. Mol. Cell 5, 917–926.
Grunstein (Suka et al., 2001). The immunodepletion experiments
Lo, W.S., Tolga, M.C., Emre, Belotserkovskya, R., Lane, W.S., Shiek-were carried out as previously described (Yie et al., 1999) using
hattar, R., and Berger, S.L. (2001). Snf1—a histone kinase that worksantibodies (CBP: sc-369, p300:sc-584, BRG1:sc-10768, BRM:sc-
in concert with the histone acetyltransferase Gcn5 to regulate tran-6450, GCN5:sc-6303 and PCAF:sc-8999) obtained from Santa Cruz.
scription. Science 293, 1142–1146.
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